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from the apical papilla
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Abstract

Objectives This experimental study aimed to assess the effect of copper oxide nanoparticles (CUONPs) and light-
emitting diode (LED) irradiation on the cell viability and osteogenic/odontogenic differentiation of human SCAPs.

Methods After the culture of SCAPs, the effects of different concentrations of CUONPs on cell viability were evaluated
by the methyl thiazolyl tetrazolium (MTT) assay after 24 and 48 h, and the optimal concentration was determined
(n=12). SCAPs were then divided into four groups based on the type of treatment: (I) no-treatment control group,

(I1) exposure to CUONPs, (lll) LED irradiation (635 nm, 200 mW/cm?) for 30's, and (IV) exposure to CUONPs combined
with LED irradiation. CUONPs were synthesized by a green technique, which was based on reduction and simultane-
ous stability of copper ions by using the pomegranate peel extract. After treatments, the expression of osteogenic/
odontogenic markers including dentin sialophosphoprotein (DSPP), bone sialoprotein (BSP), alkaline phosphatase
(ALP), and dentin matrix acidic phosphoprotein 1 (DMP1) was evaluated in all four groups using quantitative real-time
polymerase chain reaction (PCR) (n=16). Also, osteogenic differentiation of SCAPs was evaluated qualitatively by
alizarin red staining (ARS) to assess the matrix mineralization (n =4). SPSS version 18 was used for data evaluation. The
Kruskal-Wallis and Mann-Whitney tests were used to compare the groups.

Results Exposure to 1 ug/mlL CuONPs resulted in maximum viability of SCAPs. Concentrations of CUONPs over 10 pg/
mL significantly decreased the viability of SCAPs. Real-time PCR showed that the expression of DMP1, BSP, ALP, and
DSPP in CuUONPs + LED and LED groups was significantly higher than that in CuUONPs and control groups at both

24 and 48 h (P<0.05). The density of ARS increased in all experimental groups after 24 h, and in CUONPs + LED and
CuONPs groups after 48 h, compared to the control group.

Conclusion Addition of CUONPs and LED irradiation of SCAPs in the culture medium significantly enhanced their
osteogenic/odontogenic differentiation.
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Background

Pulpitis may occur in immature permanent teeth due
to the invasion of cariogenic bacteria or trauma, which
may gradually proceed and lead to pulp necrosis. In such
cases, odontoblasts die and root development is discon-
tinued [1].

Apexification is the conventional treatment for perma-
nent immature teeth with necrotic pulp, which involves
the use of calcium hydroxide paste to induce the forma-
tion of an apical barrier, or the application of mineral
trioxide aggregate as an apical plug [2]. Although apexi-
fication treatment has a high success rate, it can lead to
abnormal root morphologies, such as formation of calci-
fied tissue in the root canal system. This treatment does
not allow root development in longitudinal and trans-
verse dimensions. Thus, eventually, the tooth would have
short roots with thin root canal walls, susceptible to frac-
ture at the end of treatment [3].

Since tissue regeneration does not occur in apexifi-
cation, endodontic regenerative treatment was intro-
duced as a novel modality to treat immature teeth with
a necrotic pulp. Endodontic regenerative procedures
are based on the concept of regeneration of the dentin-
pulp complex, which has the regeneration potential to
restore the lost physiological function of the pulp [4].
Dr. Nygaard Ostby in 1961 was the first to discuss the
concept of tissue regeneration for this purpose [5]. He
showed that blood vessels can be used to induce new
tissue formation in an empty root canal space by induc-
tion of blood clot formation at the site. Fibrin is respon-
sible for the formation and stabilization of blood clots,
which serve as a scaffold for stem cells of the apical
papilla (SCAPs) [3]. These stem cells can differentiate
into odontoblasts in the presence of the required growth
factors [6]. Tissue engineering requires three major com-
ponents of a scaffold, morphogen growth factor (s), and
mesenchymal stem cells for the regeneration of func-
tional tissue or organ [4, 7]. Apical papilla is a tissue that
is located near the apex of the roots of immature teeth,
acting as a source of stem cells that differentiate into the
dentin-synthesizing odontoblasts, which play a signifi-
cant role in root formation and regenerative endodontic
treatments [8]. In dentistry, numerous potential sources
of mesenchymal stem cells are available for tissue engi-
neering. SCAPs provide a source of primary odontoblasts
that enable the continuation of root development. Due
to proximity to periodontal vasculature, they can regen-
erate a necrotic pulp even in the presence of periradicu-
lar infection [3]. These cells are a group of mesenchymal
stem cells present in the apical papilla of permanent
immature teeth. The proliferation rate of SCAPs is two to
three times higher than the rate in dental pulp stem cells
in the culture medium [9]. It has been demonstrated that
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SCAPs have high viability and potency of multipotent
differentiation, including odontogenic, osteogenic, neu-
rogenic, and adipogenic differentiation [10].

Biomaterials have an undeniable role in regenerative
endodontics. They can serve as part of a temporary scaf-
fold for cell proliferation and new tissue formation in the
regeneration process. Biomaterials used for regenerative
treatments have different components, including ions
and metal compounds. Considering their continuous
exposure to cells, they should have certain properties,
such as optimal biocompatibility. Biocompatibility is the
basis of regenerative treatments and ensures the regener-
ative, proliferation, and differentiation properties of stem
cells. Moreover, they should possess certain mechanical
and chemical properties, such as optimal strength and
stability, to preserve the primary structure of stem cells
[11].

Nanotechnology refers to the design, synthesis, and
application of nano-scale (1-100 nm) materials. The
unique physical and chemical properties of nanoparti-
cles, especially their small size and top surface/volume
ratio, enhance the availability of biological systems and
molecules [12]. However, cytotoxicity can limit the appli-
cation of nanoparticles. Cytotoxicity is highly influenced
by the concentration of nanoparticles and the duration of
exposure of cells to nanoparticles [13]. It has been shown
that zinc ions have increased the expression of osteogen-
esis markers, such as OCN, ALP, Coll, BMP2, and Runx2
upon initial contact with HMSCs [14]. Copper oxide
(CuO) is the simplest member of the family of copper
compounds, which have physical properties, such as high
thermal superconductivity, electron correlation effects,
and spin dynamics [15, 16]. It is thought that this ele-
ment is capable of inducing the osteogenic differentiation
of mesenchymal cells [17]. Also, due to the narrow band
gap, it has optimal photovoltaic and photoconductive
properties [18]. CuO nanoparticles (CuONPs) improve
the viscosity of liquids, increase thermal conductivity,
and enhance energy conversion [19]. Also, high concen-
trations of copper ions may lead to the formation of reac-
tive species and subsequent changes in protein synthesis
and DNA transcription in microorganisms. It has been
demonstrated that the replacement of some essential ions
can inhibit the activity of enzymes and proteins in the
structure of bacterial cells with copper ions. This action
also leads to the generation of free radicals, and subse-
quent inhibition of bacterial proliferation [20].

Low-level laser therapy (LLLT) has photo-stimulatory
and photo-biomodulatory effects. LLLT also induces
cell proliferation, increases cell metabolism and cellular
regeneration, and has anti-inflammatory effects. Previ-
ously, photobiomodulation has been demonstrated to
increase mitochondrial membrane potential (MMP) and
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adenosine triphosphate (ATP) levels and to decrease
oxidative stress in cells. Moreover, LLLT can accelerate
dentin formation following exposure to the dentin-pulp
complex. Also, it has been speculated that LLLT can
increase the proliferation and differentiation of stem cells
[21]. The use of metal nanoparticles and photobiomodu-
lation were able to shorten the inflammatory phase, pro-
mote angiogenesis and collagen production [22]. It has
been demonstrated that harvesting mesenchymal stem
cells from gold nanoparticles functionalized substrates
induced by infrared photobiomodulation improved stem
cell viability and their capacity to differentiate into osteo-
blasts and adipocytes [23].

To the best of our knowledge, no previous study has
evaluated the impact of CuONPs and light-emitting
diode (LED) irradiation on SCAPs.This study examined
the effects of CuONPs and LED irradiation on the viabil-
ity and osteogenic/odontogenic differentiation of human
SCAPs.

Materials and methods

Isolation and culture of SCAPs

Based on the Guidelines for Stem Cell Research and
Clinical Translation of the International Society for Stem
Cells Research (ISSCR), the experimental study was con-
ducted. The Ethics Committee of Hamadan University
of Medical Sciences approved the protocol of this study
(IR.UMSHA .REC.1396.745). SCAPs were isolated from
the left upper and lower fully impacted third perma-
nent molars of one healthy donor 18 years of age, with
an indication for extraction due to orthodontic reasons.
It was noted that over two-thirds of the left upper and
lower third permanent molar roots had developed. We
obtained a written informed consent from the patient
prior to the use of the apical papilla tissue. A dental
tweezer was used to separate the apical papilla from the
apical portion of incompletely developed teeth. Follow-
ing enzyme digestion, the SCAPs were isolated and cul-
tured in accordance with previously published protocols
[24, 25]. Briefly, a solution of 3 mg/mL type I collagenase
(Worthlington Biomedical, Lakewood, NJ, USA) and
1 mol/L phosphate-buffered saline (PBS) (Worthlington
Biomedical, Lakewood, NJ) to collect the stem cells, after
that, transferred to Dulbecco’s modified Eagle’s medium
(Gibco, GrandIsland, NY, USA) at 37 °C for 1 h Cells were
incubated at 37 °C, 5% CO2, 85% humidity, and the sterile
cell culture flasks (SPL Life Science, Gyeonggi-do, South
Korea) was supplemented with 15% fresh bovine serum
and 1% penicillin and streptomycin. On the basis of the
design and sample size of prior in vitro studies [26, 27], In
both experimental and control groups, three repetitions
were conducted.
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Assuring the stemness of cells

As soon as 80% confluence was reached, the medium was
removed from the flask and the cells were twice rinsed
with PBS. The medium culture was added to the flask fol-
lowing the detachment of the cells using trypsin/EDTA.
A 15-mL Falcon tube was filled with culture medium
and cells and centrifuged at 1200 g for 6 min. Following
two rinses with PBS, cell sediment was subjected to flow
cytometry for the detection of specific stem cell surface
markers (CD105 and CD90), as well as hematopoietic cell
surface markers (CD45 and CD34). A positive result for
mesenchymal cell surface markers was observed in the
cells, which did not exhibit the hematopoietic cell surface
markers.

Study group

SCAPs were then divided into four groups based on the
type of treatment: (I) no-treatment control group, (II)
exposure to CuONPs, (III) LED irradiation (635 nm, 200
mW/cm?) for 30 s, and (IV) exposure to CuONPs com-
bined with LED irradiation.

Preparation of CuONPs

A green method was adopted to synthesize CuONPs by
using the pomegranate peel extract in accordance with
the previous protocol [28]. X-ray diffraction (XRD), Fou-
rier-transform infrared spectroscopy (FT-IR), and scan-
ning electron microscopy (SEM) were then performed
for the characterization of CuONPs.

In order to synthesize copper oxide nanoparticles,
pomegranate peels were systematically washed with
deionized water and shadow dried for 14 days. After
washing 100 mg of pomegranate peels with double dis-
tilled water, the peels were sliced and dried with hot air
in an oven. When the complete drying process had been
completed, these materials were pulverized until fine
dust and dissolved in distilled water (10 g dust/100 mL
distilled water) in an Erlenmeyer flask before boiling for
10 min at 60 °C. Whatman filter paper No.1 was used for
filtration. In order to store the filtrate, it was freeze-dried
and kept at a temperature of 4 degrees Celsius.

In a magnetic stirrer at 60° C, 90 mL of an analytical
grade solution of cupric sulphate (5 mM) was mixed
with 20 mL of filtrate obtained in a magnetic stirrer with
deionized water. During storage, the mixture was main-
tained at room temperature. There was a gradual forma-
tion of a brownish-black precipitate at the bottom of the
conical flask. Following that, it was dried and stored in
order to be used as a green synthesized CuONPs.

To determine the surface chemistry of NPs, fourier
transform infrared spectroscopy (FT-IR) was performed
with a Perkin 118. According to Chattopadhyay et al. [29],
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an analysis of the hydrodynamic sizes and zeta potential
distribution of nanoparticles was conducted using the
Zetasizer-Nano ZS (Malvern, Malvern Hills, U.K.).

X-Ray Diffraction (XRD) Study of green synthesized
CuONPs:

The X-ray powder diftraction study of NPs was con-
ducted in solid form. The diffractometer XPERT-PRO
was used to determine diffraction patterns (PANalytical
Ltd., The Netherlands) according to the method of Das
et al., [30].

Copper oxide nanoparticles were analyzed using high
resolution scanning electron microscopy to determine
their surface morphology and particle size (Hitachi
S-3400N).

Methyl thiazolyl tetrazolium (MTT) assay

In order to assess the effect of CuONPs on cell viability,
and selection of the most appropriate concentration, 110*
cells were cultured in each well of a 96-well plate (n=12).
The plates were incubated in the incubator (Binder, NY,
USA) at 37 °C and 96% humidity for 24 h. The cells were
then randomly divided into six groups, and 100 pL of the
culture medium containing CuO with 1, 10, 100, 200 and
500 pg/mL concentration was added to each well under
sterile conditions.

The plates were incubated for 24 and 48 h. After remov-
ing the plates from the incubator, 10 mL of the MTT
solution and 90 mL of alpha-MEM culture medium con-
taining 10% fetal bovine serum were added to each well,
and the plates were incubated again at 37 °C, 95% humid-
ity and 5% CO, for 4 h. The overlaying medium was then
gently removed, and 100 mL of dimethyl sulfoxide (Gibco
BRL, Grand Island, NY, USA) was added to each well.
After dissolution of formazan crystals, the optical density
values were read by an ELISA Reader (BioTek, USA) in
the wavelength range of 540—-690 nm [31].

LED irradiation

The optimal concentration of CuONPs was first deter-
mined by the methyl thiazolyl tetrazolium (MTT) assay.
Next, this concentration of CuONPs was added to the
cultured cells 30 min prior to LED irradiation. Next, the
cells were irradiated with a LED irradiation in a semi-
dark room with one empty row between the wells. The
Fotosan 630 LED (Fotosan 630, Korea, MDD, CMS Den-
tal Denmark) with an end tip (1 mm? diameter) which
produced light at a wavelength of 620—-640 nm (85%)
with a peak at 630 nm, the intensity of 200 mW/cm? and
energy density (fluence) of 4 mJ/cm? was irradiated for
30 s. According to previous studies [32], here is the for-
mula (energy density =power density x irradiation time)
and the expected energy level. The first irradiation was
performed 24 h after primary cell culture, and the second
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was performed 48 h later. During all irradiations, the
same operator was responsible.

Assessment of osteogenic/odontogenic differentiation

by real-time polymerase chain reaction (PCR)
Osteogenic/odontogenic differentiation was evaluated in
each group at 24 and 48 h, with/without LED irradiation.
Six wells (6 repetitions) were assigned to each group for
assessment at each time point [33].

RNA extraction from the stem cells in the medium
was performed using Trizol reagent (Invitrogen, CA,
USA). Next, cDNA was synthesized using Superscript II
first-strand cDNA synthesis kit (Invitrogen, CA, USA)
as instructed by the manufacturer. Reverse transcrip-
tion PCR was then performed (7500 Fast Real-Time
PCR System; Applied Biosystems, Carlsbad, CA, USA)
according to the instructions for dentin sialophospho-
protein (DSPP), bone sialoprotein (BSP), alkaline phos-
phatase (ALP), and dentin matrix acidic phosphoprotein
1 (DMP1).

Alizarin red staining (ARS)

To assess the odontogenic/osteogenic differentiation
of cells, qualitatively, they were seeded in 96-well plates
after exposure to CuONPs and LED irradiation (n=4).
Next, they were cultured in an osteogenic/odontogenic
medium containing 10 mM beta glycerophosphate
(Sigma Aldrich, St. Louis, MO, USA), 10 nm dexametha-
sone (Sigma Aldrich, St. Louis, MO, USA), and 50 mg/
mL L-ascorbic acid. The cells were fixed with 4% para-
formaldehyde. Next, after 21 days they were rinsed with
phosphate buffered saline (PBS) and incubated with 1%
alizarin red stain (Sigma Aldrich, St. Louis, MO, USA)
at 37 °C for 30 min to identify the formed mineral nod-
ules. Assessments were made using a spectrophotometer
(SpectraMax M2) at 562 nm wavelength [34].

Statistical analysis

Data were analyzed by SPSS version 18 (SPSS Inc., Chi-
cago, IL). The data were analyzed by the Kruskal-Wallis
test and Mann—Whitney U post hoc test. P<0.05 was
considered statistically significant.

Results

Characterization of CUONPs

Figure 1A indicates the XRD pattern of CuONPs synthe-
sized from copper nitrate (II) trihydrate and pomegran-
ate peel extract. The synthesis of CutONPs was confirmed
by XRD measurements. The XRD peaks at 31.22, 35.87,
38.92, 49.42, 53.87, 58.42, 62.02, 66.82, 68.37, and 73.07
degrees as shown in Fig. 1A belonged to (100), (002),
(200), (202), (020), (202), (113), (022), (020), (311),
and (004), respectively [30-32]. The observed peaks



Karkehabadi et al. BMC Oral Health (2023) 23:249 Page 5 of 12

120

100

80

60

40

Transmittance (a.u)

20

0 1000 2000 3000 4000 5000
Wavenumber (cm-1)

4500
4000
3500
3000
2500
2000

Intensity (a. u.)

1500
1000
500

20 (Degree)

r38.8 nm

AccY SpotMagn Det WD Exp 1 500 nm
200kvV 15 40000x SE 95 1 sample CuO

-

C

Fig. 1 Characterization of nanoparticles. A: XRD pattern of CuO nanoparticles, B: FT-IR spectra of CuO nanoparticles, C: SEM of CuO nanoparticles.
A: the XRD pattern of CUONPs synthesized from copper nitrate (Il) trihydrate and pomegranate peel extract. B: the FTIR spectra for the synthesized
CuONPs. According to the FTIR spectra of CUONPs, the most significant absorbance peak was noted at 524 cm-1, corresponding to Cu-O stretching
vibration. C: The surface morphology of the synthesized CuUONPs was inspected under the scanning electron microscopy (SEM)
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corresponded to JCPDS card Ne 048-1548, 048-1548,
and 048-1548, which represents CuO mass [35-37].
Figure 1B presents the FTIR spectra for the synthesized
CuONPs. According to the FTIR spectra of CuONPs, the
most significant absorbance peak was noted at 524 cm™
corresponding to Cu—-O stretching vibration [38]. A
strong absorbance peak at 1041 cm™ was attributed to
the stretching vibrations of the C-O bond in the struc-
ture of the carboxylic group and flavonoids present in the
structure of the pomegranate peel extract. The peak at
1382 cm™! corresponded to the stretching vibration of the
C-N bond in the amine group [39]. A strong absorbance
band at 1623 cm™! was attributed to the bending vibra-
tion at C=C. Absorbance at 2917 cm™" was attributed to
asymmetric and symmetric stretching vibrations of C-H
in phenolic compounds. Also, a wide band at 3402 cm™*
was attributed to stretching vibrations of the O—H band
of the hydroxyl group [39]. The surface morphology of the
synthesized CuONPs was inspected under the scanning
electron microscopy (SEM). The results are presented in
Fig. 1C. SEM micrographs indicated that the synthesized
nanoparticles had a spherical shape with some aggre-
gates. The isolated cells had a fibroblast-like morphology
(spindle-shaped) with optimal homogeneity (Fig. 2). Flow
cytometry analysis by using antibodies against CD45,
CD34, CD90, and CD105 revealed stromal surface mark-
ers on the cytoplasmic membrane of the cells. Flow cyto-
metric results indicated a relatively high expression of the
abovementioned surface markers (Fig. 3).

In vitro assessment of cell viability

The MTT test was used to assess the effect of CuONPs
and LED irradiation on the proliferation and viability
of SCAPs. As shown in Fig. 4, an increase in the con-
centration of CuONPs decreased the viability of SCAPs
such that the viability of SCAPs exposed to different

Fig. 2 The isolated cells had a fibroblast-like morphology
(spindle-shaped) with optimal homogeneity (scale x 10)
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concentrations of CuONPs was significantly different at
24 and 48 h (P<0.05).

The analysis revealed that the cell viability in 1 and
10 pg/mL CuONP groups was similar to the control
group (P>0.05). However, the viability of SCAPs exposed
to 100, 200 and 500 pg/mL concentrations of CuONPs
was significantly lower than that of the control group
(P<0.05). Thus, 1 pg/mL concentration of CuONPs was
used for the next steps of the study and assessment of the
expression of cell differentiation genes and proteins.

Quantitative real-time PCR

To assess the effect of CuONPs and LED on odontogenic/
osteogenic differentiation of SCAPs, the expression of
osteogenic/odontogenic markers, including DSPP, BSP,
ALP, and DMP1 was assessed using quantitative real-
time polymerase chain reaction (PCR). The expression
of each of the abovementioned genes in the experimental
groups was compared with the control group.

As shown in Fig. 5, the maximum expression of BSP,
ALP, and DSPP genes at 24 and 48 h was noted in the
CuONPs+LED group followed by the LED group
(P<0.05). The minimum expression of these genes was
noted in CuONPs and control groups. The expression of
DMP1 after 24 and 48 h in the LED, and CuONPs -+ LED
groups was significantly higher than that in the CuONPs
and control groups (P<0.05).

The maximum expression of BSP, ALP, and DSPP
genes at 24 and 48 h was noted in the CuONPs + LED
group, followed by the LED group (P <0.05). The mini-
mum expression of these genes was noted in CuONPs
and control groups. The expression of DMP1 after 24
and 48 h in the LED, and CuONPs+ LED groups was
significantly higher than that in the CuONPs and con-
trol groups (P <0.05).

Alizarin red S staining

Osteogenic differentiation of SCAPs treated with
CuONPs and LED was evaluated qualitatively by ARS,
as the final indicator of osteogenesis for assessment of
matrix mineralization. As shown in Fig. 6, the density of
ARS after 21 days increased in all experimental groups
(24 h and 48 h of exposure to the biomaterials) compared
with the control group. In other words, LED irradiation
and exposure to CuONPs increased bone mineralization.

Discussion

This study assessed the effect of CuONPs and LED irradi-
ation on the viability and odontogenic/osteogenic differ-
entiation of SCAPs. Considering the anatomical position
of SCAPs and their important role in endodontic regen-
erative treatments, these cells were selected for the pre-
sent study [4, 40].
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Fig. 3 Flow cytometric results indicated a relatively high expression of the mentioned surface markers (A) Expression of CD105-PerCP marker, (B)
CD90-FITC marker, (C) CD34-PE marker, (D) CD45-FTIC
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Fig. 4 Cell viability of the groups at 24 and 48 h an increase in the concentration of CUONPs decreased the viability of SCAPs such that the viability
of SCAPs exposed to different concentrations of CUONPs was significantly different at 24 and 48 h (P < 0.05). ***and ###: P<0.001.** and ##: P<0.01.
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Fig. 6 Alizarin red staining of treated SCAPs, the density of ARS increased in all experimental groups after 24 h and in CUONPs 4 LED and CuONPs

groups after 48 h compared with the control group

Nanomaterials are defined as materials with at least
one dimension in the range of 1-100 nm. The physico-
chemical properties of nanoparticles affect their interac-
tions with cells and, subsequently, their overall potential
toxicity [41]. Different techniques are used for the assess-
ment of cell viability. The MTT assay is the standard

CuONPs LED + CuONPs

technique for the assessment of cytotoxicity. According
to the results of the MTT assay (Fig. 2), by an increase
in the concentration of CuONPs, the viability of SCAPs
decreased after 24 and 48 h, and maximum cell viability
was noted with the use of 1 ug/mL CuONPs. In explana-
tion for this finding, it should be noted that the released
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metal ions damage the proteins. These ions enter the
structure of certain metalloproteins and deactivate them.
Another mechanism of nano-toxicity is to stop the cell
cycle, which is followed by cellular dysfunction or apop-
tosis [41]. Zhen et al. reported that CuONPs induced
oxidative stress in human umbilical vein endothelial cells
(HUVEC:) that led to DNA damage and cell death [42].
Evidence shows that CuONPs enter human cells through
endocytosis. Over time, reactive oxygen species increase
in cells and decrease antioxidant enzymes. Thus, the for-
mation of reactive oxygen species plays an important role
in explaining the nano-toxicity mechanism of CuONPs
[43]. In line with these findings, Zhang et al. [44] showed
dose-dependent and time-dependent cytotoxicity and
genotoxicity of CuONPs against mesenchymal stem cells.
Also, the surface chemistry of nanoparticles affected the
results to some extent [44]. Thus, 1 pg/mL concentration
of CuONPs was used to assess the effect of CuONPs and
LED irradiation on osteogenic/odontogenic differentia-
tion of SCAP in the present study. Real-time PCR was
used to assess the effect of CuONPs and LED irradiation
on the odontogenic/osteogenic differentiation of SCAPs.
As shown in Fig. 5, the highest expression of genes at 24
and 48 h was noted in the CuONPs + LED group followed
by the LED group. However, the control and CuONPs
groups had no significant difference in this respect. In
other words, the combined use of CuONPs and LED irra-
diation significantly increased the expression of genes
compared with the LED and control groups; however, the
expression of genes following exposure to CulONPs alone
had no significant difference with the control group.
Several studies have assessed the effect of CuONPs and
LLLT on cells. LLLT can increase the proliferation of dif-
ferent cell lines with no cytotoxic effects. A review of the
relevant studies indicated that LLLT increases the syn-
thesis of ATP, DNA, and RNA in stem cells and other cell
lines [45]. Also, evidence shows that LLLT significantly
increases bone formation and decreases inflammation
with no significant effect on scaffold resorption [46]. Yi
et al. reported that gold nanoparticles promoted the oste-
ogenic differentiation of MSCs. There is evidence that
gold nanoparticles might interact with proteins located
in the cytoplasm, thereby interfering with certain signal-
ing pathways within the cell. As a result of the up regu-
lation of integrins, it is apparent that gold nanoparticles
are interacting with the extracellular matrix. In both
of these processes, mechanical stress is applied to the
MSCs, resulting in the activation of the p38 MAPK sign-
aling pathway, which leads to an increase in osteogenic
gene expression [47]. Tang et al. showed that the formu-
lated zinc oxide nanoparticles have possessed the notable
bone regenerative activity through the enhancement of
cell proliferation, differentiation, and calcium deposition
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in the human osteoblast-like cells [48]. In another study,
silver-core shell nanowires were found to be effective in
enhancing the differentiation of osteoblasts induced by
reduced oxygen species by regulating the key marker
genes runx2, osteoix, and osteocalcin [49].

Previous studies on the effect of LLLT on odontogenic
differentiation and biomineralization of human dental
pulp stem cells found that LLLT significantly increased
the expression of markers related to odontogenesis [21,
50]. Also, LLLT can significantly enhance the angiogen-
esis and dentinogenesis of the dentin-pulp complex [51].
Considering the previous findings, the positive effect of
LED irradiation on the expression of odontogenic/oste-
ogenic markers in the present study was not far from
expected. However, the synergistic effect of CuONPs
combined with LED and significant upregulation of genes
in the CuONPs+LED group compared with the LED
group may highlight the promising effects of CuONPs
in regenerative endodontics. Previous studies used cop-
per in the composition of scaffolds; however, it was not
in the form of nanoparticles. For instance, a previous
study compared the viability, proliferation, attachment,
and morphology of dental pulp stem cells in two scaf-
folds, namely Cu-doped Mg-based and Zn-doped Mg-
based scaffolds. They found that dental pulp stem cells
can adhere to and proliferate on both scaffolds. However,
apatite formation only occurred in the Cu-doped scaf-
fold group. Also, cell proliferation and viability decreased
after 3 days, which may be due to the high concentration
of copper and other released elements. Structural dif-
ferences in scaffolds can explain their different bioactiv-
ity [52]. However, in the present study, the expression of
genes after 48 h was still significantly higher than that
in the control group, which may be due to the structure
of nanoparticles used in this study. Another study dis-
cussed that incorporation of inorganic compounds into
biodegradable polymer substrates is among the most
applicable techniques for enhancement of proliferation,
differentiation, and bio-mineralization of dental pulp
stem cells, because combined synergistic effects of com-
ponents result in superior mechanical and biological
properties of the scaffold [53]. Similarly, in the present
study, the combined use of CuONPs and LED yielded the
best results.

The role of LLLT in the enhancement of photo-stimu-
latory and photo-biomodulatory effects, improvement of
cell metabolism and regeneration, and anti-inflammatory
responses has been previously confirmed [54]. As shown
in Fig. 6, the density of ARS increased in all experimental
groups after 24 h, and in CuONPs+LED and CuONPs
groups after 48 h compared with the control group. In
other words, LED irradiation and exposure to CuONPs
increased bone mineralization. We observed a smaller
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increase in Alizarin Red staining at 48 h compared with
24 h. There may be a reason for this phenomenon, since
the number of cell growth areas is limited, the cells are
maturing, and the processes of bone formation by osteo-
blasts are shifting to the maintenance of bone by osteo-
cytes [55, 56].

In contrast to the present findings, a previous study
used ARS and Oil Red O staining to assess the osteogenic
and adipogenic differentiation of mesenchymal stem cells
following exposure to different types of CuONPs. They
demonstrated that exposure to 10 pg/mL CuONPs had
no significant effect on the differentiation potential of
mesenchymal stem cells. This difference may be related
to the dose-dependent and time-dependent toxicity of
CuONPs [44] such that 10 pg/mL concentration had no
significant effect on calcium deposition while 1 pug/mL
concentration of CuONPs yielded promising results in
the present study.

In spite of the fact that our study is still at the preclini-
cal stage, in the future, our research will focus on mech-
anisms of action, viability of cells over a longer time,
and the effect of metal nanoparticles on apoptosis and
migration of stem cells. To have an accurate assessment
of nanosafety, it would be necessary to develop a better
understanding of the mechanisms of CuONP-associated
toxicity.

Conclusion

According to the present results, the addition of CuONPs
and LED irradiation of SCAP in the culture medium
significantly enhanced the osteogenic/odontogenic
differentiation.
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